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The construction industry accounts for a significant portion of the material consumption 
of our industrialised societies. That material consumption comes at an environmental 
cost, and when buildings and infrastructure projects are demolished and discarded, 
after their useful lifespan, that environmental cost remains largely unrecovered. The 
expected operational lifespan of modern buildings has become disturbingly short as 
buildings are replaced for reasons of changing cultural expectations, style, 
serviceability, locational obsolescence and economic viability. The same buildings 
however are not always physically or structurally obsolete; the materials and 
components within them are very often still completely serviceable. While there is some 
activity in the area of recycling of selected construction materials, such as steel and 
concrete, this is almost always in the form of down cycling or reprocessing. Very little of 
this material and component resource is reuse in a way that more effectively captures 
its potential. 
One significant impediment to such reuse is that buildings are not designed in a way 
that facilitates easy recovery of materials and components; they are designed and built 
for speed of construction and quick economic returns, with little or no consideration of 
the longer term consequences of their physical matter. 
This research project explores the potential for the recovery of materials and 
components if buildings were designed for such future recovery; a strategy of design for 
disassembly. This is not a new design philosophy; design for disassembly is well 
understood in product design and industrial design. There are also some architectural 
examples of design for disassembly; however these are specialist examples and there 
is no significant attempt to implement the strategy in the main stream construction 
industry. This paper presents research into the analysis of the embodied energy in 
buildings, highlighting its significance in comparison with operational energy. Analysis 
at material, component, and whole-of-building levels shows the potential benefits of 
strategically designing buildings for future disassembly to recover this embodied 
energy. Careful consideration at the early design stage can result in the deconstruction 
of significant portions of buildings and the recovery of their potential through higher 
order reuse and upcycling. 
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Introduction 
The construction industry is responsible for or a significant portion of our material 
consumption and our energy use. This investment in the build environment is however 
not always a long term investment. In our industrialized societies we are demolishing 
our buildings after disturbingly short life spans. This demolition, largely driven by 
economic factors, accounts for a significant portion of our society’s solid waste, which 
represents not only a waste of material, but also creates significant negative 
environmental impacts. “A simple and effective measure to reduce the environmental 
impact of construction is responsible materials management at the construction stage” 
(Hammond and Jones 2008, 96). If buildings were designed with their future 
deconstruction in mind we could re-value the materials and components in them, and 
also recapture the energy embodied within them. This embodied energy of the built 
environment has been estimated at between 10% and 20% of Australia’s total energy 
consumption (Haynes 2010). 
Waste in the construction industry 
Quantities of waste 
Globally, the construction industry is responsible for a significant portion of the solid 
waste stream, typically between 20% and 60%. In the U.S.A. for example 30% of all 
waste produced comes from the construction and demolition industry (Guy and 
Ciarimboli 2003, 2). There is no reliable recent data for the whole of Australia; however 
some recent research suggests that construction and demolition waste represents as 
much as 69% of all landfill (Li et al. 2013). 
While some demolition material is recycled, the rates are low. Recycling rates in 
Australia range by State from as low as 17% in Western Australia to 79% in South 
Australia, with a national average of 58% (Li et al. 2013). It is important however to note 
that the majority of this is low level recycling, with little higher order reuse. 
Perhaps the most significant factor in these high rates of waste is the short life 
expectancy of buildings and their materials and components. 
Life expectance of buildings 
Buildings are no longer demolished simply because they are old and structurally 
unstable. Buildings are now demolished for reasons of economic obsolescence, social 
obsolescence, locational obsolescence and stylistic trends. In the U.S.A. 27% of 
buildings that existed in the year 2000 are expected to be replaced by 2030 (Guy and 
Ciarimboli 2003, 2). A study by the Athena institute in the U.S.A. found that 30% of 
demolished buildings were less than 30 years old (Guy and Ciarimboli 2003, 5). 
While this life expectancy of modern buildings is disturbingly short, many parts of the 
buildings have an even shorter life expectancy; and in some ways this is driving the 
overall life span down. For example the envelope of the building, its outer skin, is 
typically only expected to last half or a quarter as long as the building structure, and the 
services and space fit-outs inside the building are expected to be replaced on an even 
shorter cycle. These different building layers have distinctly different life expectancies 
(see Table 1). It is these disparate life expectancies of different layers of the building 
that are causing such high rates of material waste. Most buildings are still being 
designed as a single entity as if they will last for centuries with little or no consideration 
about the potential embodied within their materials and components. 
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Table 1: Life expectancy of different building layers, in years 
Structure Skin Services Space Building type 
100 25-50 25 10 
House: timber frame, brick cladding, 
ceramic tile roof (Fay, Treloar and Iyer-
Raniga 2000) 
100 25 10-20 4-10 
Non-residential Open building (Kendall 
1999) 
30-300 
(typically 60) 
20 7-15 3-10 Undefined (Brand 1994) 
50 50 15 5-7 Office buildings (Duffy and Henney 1989) 
60-100 15-40 5-50 5-7 Office buildings (Curwell 1996) 
60 (assumed 
maximum life) 
20 7-15 3-5 Commercial buildings (Storey 1995) 
65 65 10-40 5 
Office buildings (Howard and Sutcliffe 
1995) 
50 (assumed 
maximum life) 
30-50 12-50 10 
Freestanding singe unit dwelling 
(Adalberth 1997) 
40 (assumed 
maximum life) 
36 33 12 
Office buildings (McCoubrie and Treloar 
1996) 
40 12-30 30-40 8-40 
Timber frame, brick cladding (Tucker and 
Rahilly 1990) 
 
Energy in construction 
One significant aspect of these quantities of materials and waste in the built 
environment is the energy used to create these materials, construct our buildings, and 
to operate them. “Worldwide, 30-40% of all primary energy is used for buildings and 
they are held responsible for 40-50% of greenhouse gas emissions” (Ramesh, Prakash 
and Shukla 2010, 1593). It has been a long held view that the energy used to operate 
our buildings (lighting, heating, air conditioning, etc.) is the only significant component 
of their full life cycle energy use; that the energy use to construct them (embodied 
energy) is very small in comparison. As such, most research into energy efficient 
buildings has focused on operational energy; however it now seems that “embodied 
energy consumption may be more significant than previously thought” (Troy et al. 2003, 
9). 
Operational energy 
The operational energy required for any given building is very dependent on the 
building type and what it is used for, and perhaps more importantly, where the building 
is located climatically. Worldwide data on the operational energy for office buildings 
shows a wide range of typical values from as low as 290 MJ/a.m
2
 to as high as 1,980 
MJ/a.m
2
 (Suzuki and Oka 1998) (Ramesh, Prakash and Shukla 2010, 1598). For 
residential buildings the values are typically as low as 540 MJ/a.m
2
 to as high as 1,440 
MJ/a.m
2
 (Ramesh, Prakash and Shukla 2010, 1598). It is important to note that these 
are typical values and do not represent high performance energy-efficient designs or 
buildings in extreme climatic locations. 
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The most significant factor in determining operational energy use is typically the 
climate. It is indeed because much research into building energy consumption has 
been conducted in the colder climates of northern America and northern Europe that 
operational energy has been so high, and traditionally been seen as the only significant 
component of life cycle energy use. 
Embodied energy 
The embodied energy of a material or product is the sum of all the energy required to 
produce that material or product. This will include the energy required for; materials 
extraction, materials processing, transport and direct manufacturing. It also includes 
part of the energy required to create the buildings and machinery associated with all 
these steps in processing. Calculating embodied energy for construction materials and 
components is notoriously difficult and unreliable. Values vary considerably from one 
study to the next and vary considerably over time; older studies typically providing 
higher values than more recent research; despite the variances “they can be 
considered to provide good benchmarks for use in determining the life-cycle 
performance of buildings” (Hammond and Jones 2008, 89). 
For office buildings typical values for embodied energy are in the range of 7,000 MJ/m
2
 
to 17,000 MJ/m
2
 (Ramesh, Prakash and Shukla 2010). In one Australian study the 
typical values were measured at being between 8,000 MJ/m
2
 and 9,000 MJ/m
2
 (Treloar 
1993). For residential buildings the typical values of embodied energy range from 4,000 
MJ/m
2
 (Hammond and Jones 2008, 94) to as high as 14,100 MJ/m
2
 (Fay, Treloar and 
Iyer-Raniga 2000, 38). We can also look at how this embodied energy is distributed between 
the different layers of the building (structure, skin, services and space fit-out), noting that 
those parts that typically have very short life spans constitute a considerable portion of the 
overall embodied energy (see Table 2). 
Table 2: Typical percentage of embodied energy in different building layers 
Structure Skin Services Space Building type 
36 31 11 22 
House: Timber frame, brick cladding, 
ceramic tile roof (Fay, Treloar and Iyer-
Raniga 2000) 
48 29 10 13 
Single storey office building (Yohanis and 
Norton 2002) 
33 29 24 14 Commercial building (Atkinson et al. 1996) 
39 23 15 23 Single family dwelling (Haynes 2010) 
34 36 18 12 Multiple dwelling housing (Thormark 2002) 
32 28 26 14 Office building (Cole and Kernan 1996) 
36 34 - 19 
2 storey office building (Oppenheim and 
Treloar 1995) 
30 - 15 25 Office buildings (Suzuki and Oka 1998) 
Total energy 
As previously noted, operational energy is clearly much greater than embodied energy 
and it has understandably received much greater research attention over the years. 
However, as buildings become more energy efficient in operation, the significance of 
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embodied energy will proportionally increase. It has been shown previously that in a 
subtropical climate operational energy is generally lower than in temperate regions of 
northern America and Europe, so that embodied energy is proportionally greater 
(Crowther 2006). 
Numerous studies in a range of international contexts have calculated that the 
embodied energy of a building, with a 50 year life expectance, is typically 5% to 20% of 
total life cycle energy (Ramesh, Prakash and Shukla 2010). But as noted above, for 
low-energy use buildings, or energy-efficient buildings, embodied energy may be as 
much as 40% to 60% of total energy use (Thormark 2007). A meta-analysis of the 
comparative energy use of sixty case studies calculated the embodied energy of 
conventional buildings at between 2% and 38% of total life-cycle energy, and the 
embodied energy of energy-efficient buildings at between 9% and 46% of total life-cycle 
energy (Sartori and Hestnes 2007). Other international studies have shown embodied 
energy to be as high as 67% of the total life cycle energy (Yohanis and Norton 2002, 
77).  
Research in Australia has shown that embodied energy is typically equivalent to ten 
years of operational energy for dwellings and thirty years of operational energy for 
office buildings (Sattary and Thorpe 2012, 1402); this would equate to 10% and 33% of 
total life cycle energy over 100 years, or double those percentages over 50 years. 
Another study of 25 dwellings in Australia has shown a mean operational energy value 
of 810 MJ/a.m
2
 and a mean embodied energy value of 9,900 MJ/m
2
; showing that over 
a 50 year life cycle the embodied energy represents almost 25% of total energy (Pullen 
2000, 90). Yet another Australian study has shown that embodied energy for residential 
buildings to be from 20% to 25% of the life cycle energy use (Troy et al. 2003). We can 
conclude that “embodied energy is significant relative to operational energy” (Fay, 
Treloar and Iyer-Raniga 2000, 39). 
It is worth noting that the direct energy of the actual building construction (operation of 
machinery and plan on site) is relatively small and has variously been measured at 
between 6% and 15% of the embodied energy, or between 0.5% and 3% of the overall 
life cycle energy cost (Fay, Treloar and Iyer-Raniga 2000) (Pullen 2000, 88). Similarly 
the direct energy for demolition and removal of materials for disposal is typically less 
than these percentages of total life-cycle energy (Suzuki and Oka 1998). The 
significance of this is that at such a small percentage, compared to the overall 
embodied energy, any additional construction energy required to implement a design 
for disassembly strategy will be far outweighed by the energy recovered from materials 
and components. 
If we combine the life expectancies of different building layers from Table 1 and the 
typical embodied energy values from Table 2 we can see that with periodic 
refurbishment the embodied energy over 50 years is a significant portion of total life 
cycle energy (see Figure 1).  
Recycling energy 
The reuse of building and construction materials for the same purpose as their original 
use can save up to 95% of the embodied energy since there is little or no processing 
involved. The recycling of materials, through reprocessing and remanufacture, is 
usually less efficient; typically saving from 5% for glass, up to 95% for aluminum, with 
most construction materials in the lower part of this range (Sattary and Thorpe 2012). 
One study of actual building demolition waste showed a potential embodied energy 
recovery through recycling of 37% to 42% (Thormark 2002). 
6 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Total life cycle energy use over the 50 year life of a typical office building 
The ability to reuse materials and components is much more energy wise than 
recycling. Despite this the majority of materials that are salvaged are recycled or down-
cycled not reused. For example, rates of steel recycling in the U.K. and the U.S.A. are 
86% and 97% respectively, but with little or no direct reuse (Lee, Trcka and Hensen 
2011, 68-69). 
One study of life cycle energy use shows that the periodic refurbishment and 
maintenance of a building, over a fifty year period, can be more than the initial 
embodied energy (Yohanis and Norton 2002). If the materials and components 
removed during the refurbishment are sent to landfill then the embodied energy being 
lost can be more than the initial embodied energy of the building. The potential for 
recovering the embodied energy through recycling and reuse is significant. 
Design for disassembly 
It has been shown that a significant hindrance to higher rates of materials and 
component reuse is the inability to easily and economically disassemble them from 
each other (Crowther 2009). This is especially true at the junction of the layers; 
between structure, skin, services and space fit-out. The future capacity for reuse and 
recycling is being determined at the initial building design stage. If buildings were 
designed to facilitate future disassembly then higher rates of high-order reuse and 
embodied energy recover could be achieved. 
There have historically been many such buildings designed with future deconstruction 
in mind, and a review of them has identified a number of principles for design for 
disassembly (Crowther 2009, 231-235). These principles include: 
 Minimise the number of types of materials 
 Minimise the number of types of components 
 Avoid secondary finishes to materials 
 Use mechanical connectors not chemical 
 Use modular design 
 Provide adequate access to components 
 Size the components to suit means of handling 
 Apply realistic tolerances during manufacture 
 Limit the types of connectors 
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 Allow for parallel assembly and disassembly 
 Use lightweight materials and components 
 Identify points of disassembly 
 
These principles are neither complex nor surprising. What is surprising is how little 
regard there is in the construction industry for considering these principles as a way to 
reduce the environmental burden and reduce the material waste in our built 
environment. If buildings were designed for disassembly the potential for embodied 
energy recover could be in the order of 25% to 50% of total life cycle energy. Following 
a strategy of design for disassembly may require additional material and energy input at 
the initial stages, though as shown, the energy for actual on-site construction is 
comparatively small. By comparison the potential material and energy recovery is 
significant. It is also worth noting that such energy and material recovery would come 
with significant financial savings. Material costs, as a percentage of building costs, vary 
widely depending on material choice and construction method. It is however reasonable 
to expect that materials may typically be half of the overall build cost; as such any 
material and component reuse represents a significant financial saving and well as 
energy and material saving. 
The reuse potential of a material or component is only as good as the initial design is in 
allowing such recovery. The investment in our built environment can offer returns 
through re-valuing of materials and components if we are wise enough to consider the 
reuse potential at the design stage and allow for future disassembly. 
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